We propose a novel alignment technique utilizing the x-ray beam of an undulator in conjunction with pinholes and position-sensitive detectors for positioning components of the accelerator, undulator, and beam line in an x-ray free-electron laser. Two retractable pinholes at each end of the undulator define a stable and reproducible x-ray beam axis (XBA). Targets are precisely positioned on the XBA using a pinhole camera technique. Position-sensitive detectors responding to both x-ray and electron beams enable direct transfer of the position setting from the XBA to the electron beam. This system has the potential to deliver superior alignment accuracy (1-3 m) for target pinholes in the transverse directions over a long distance (200 m or longer). It can be used to define the beam axis of the electron-beam -based alignment, enabling high reproducibility of the latter. This x-ray-based concept should complement the electron-beam -based alignment and the existing survey methods to raise the alignment accuracy of long accelerators to an unprecedented level. Further improvement of the transverse accuracy using x-ray zone plates will be discussed. We also propose a concurrent measurement scheme during accelerator operation to allow real-time feedback for transverse position correction.
I. INTRODUCTION
Several large-scale linear accelerator projects are under construction or have been proposed. The Linear Coherent Light Source (LCLS) utilizes parts of the existing linear accelerator at SLAC followed by a 130-m-long undulator section with a 6.8-mm fixed gap [1] . DESY is planning to build an x-ray free-electron laser (XFEL) with a total length on the order of 3.3 km for multiple undulator sections of which the longest is about 300 m [2] . The gap in this device varies from 6 to 20 mm depending on the undulator type utilized in each of the beam lines. A proposal by SPring-8 to establish the SCSS will use a 1-GeV, 55-m-long accelerator followed by a 22.5-m-long invacuum undulator section with a 3.7-mm gap [3] . Last, but not least, PAL at POSTECH in South Korea is proposing the PAL/XFEL with a 60-m in-vacuum variable-gap undulator with a minimum gap of 3 mm [4] . Finally, the International Linear Collider (ILC) project now being developed in a global design effort will need highprecision alignment of accelerating and diagnostics components over distances of 10 -20 km [5, 6] .
All of these projects require precision alignment of beam line components at unprecedented accuracy, including the vacuum chambers. In the LCLS, for example, many undulator components need to be aligned to better than 20 m from a straight line designated to be the beam axis.
Using modern survey technology one can establish a control reference system with point accuracies of 150 to 300 m depending on the size of the object. In long stretched objects such as linear accelerators or freeelectron lasers (FELs), large-scale deviations due to the accumulation of small remaining systematic instrument errors and environmental effects can even exceed these tolerances and directly affect the positioning of the XFEL components. State-of-the art hydrostatic level sensors deliver an accuracy of 5 m in the vertical direction and wire position sensors (WPSs) are under development providing an accuracy of 1:5 m only in the horizontal plane due to uncertainties in the wire sag. With these instruments it is possible to achieve relative alignment tolerances on the order of 25 m or better when considering transfer errors from the monitors to the beam components [7] . However, the accuracy of these devices is limited by the length of the object to be measured and on-axis alignment is not possible. Minimizing the transfer error becomes even more difficult since two separate systems are required to position and monitor vertical and horizontal deviations.
In 1968 Herrmannsfeldt and others proposed and implemented a precision straight-line alignment system utilizing Fresnel lenses for the 3-km-long Stanford linear accelerator [8] . The system uses a HeNe laser light source, a detector, and rectangular Fresnel lenses with distancedependent focal lengths to project the source onto the detector. The accelerator is supported by 12-m-long linked girders with an integrated strongback for the accelerating structures and a 60 cm -diameter light pipe for the alignment system. At each girder link a Fresnel lens can be inserted into the light beam creating a diffraction pattern at the detector. Deviations relative to an initial straight-line setup using a well-defined Fresnel target and the detector zero position can be measured. Moving the strongback support with the Fresnel lens to the zero position, any link can be placed on axis and with that the accelerating structure. The estimated transverse accuracy of this system is on the order of 25 m over the length of the accelerator, without considering the transfer error from the alignment system to the actual beam axes.
A similar system was proposed in 1990 by Griffith and his colleagues for the construction of an FEL at Lawrence Livermore Laboratory [9, 10] . This concept uses the Poisson spot created as a diffraction pattern by an opaque sphere substituting for a Fresnel lens to align the accelerator. It includes an elaborate feedback system to maintain the pointing direction of an expanded light beam and eliminates the need for inserting and removing reference targets as required in the SLAC design, as many spheres can occupy the cross section of the light beam. This system was designed to provide transverse positioning on the order of 25 m over a 300-m-long FEL.
In order to overcome these limits in survey accuracy, the electron-beam -based alignment (EBBA) technique was developed in the last decade to align magnetic quadrupoles and sextupoles. When an electron-beam trajectory deviates from the centers of these magnets, it experiences a transverse kick. Since the strength of the kick depends on the strength of the magnets and the beam energy, the trajectory deviations in the magnets can be detected by monitoring the downstream beam position monitors (BPMs) while varying the strength of the magnet or electron energy. Through an iterative procedure of correcting magnet positioning errors and measuring the BPM signal, the EBBA technique can now attain micron-level accuracy under ideal conditions [11, 12] . However, this technique is sensitive to the presence of a dipole field that cannot be turned off during the alignment process. Even the Earth's field can adversely affect the outcome. Finally, since no fixed monument is used to define the electron-beam axis (EBA), it is not predetermined to what line the final convergence will lead. Hence the EBA cannot be accurately reproduced after magnets are moved.
Similar to many previous authors, we also prefer the optical technique since photons travel in straight lines invacuum and in the magnetic field, with their trajectory curving less than 1 prad=km as a result of Earth's gravity. However the previous techniques have two major drawbacks. First, the diffraction of a visible light beam requires large apertures R -S p over a long working distance S [13] , where -=2 is given by the wavelength of the light beam. This makes them incompatible with the small bore of modern accelerator chambers. Second, these techniques establish straight lines nearly a meter away from the main electron-beam axes, and the transfer error is not negligible.
Recently, Shintake et al. made a step towards overcoming these difficulties by proposing an on-axis alignment procedure using a laser beam and an Airy diffraction pattern for the SCSS x-ray FEL project [14] . They plan to enlarge the optical aperture by opening the gap of invacuum undulators during the alignment. An iris is attached to the geometric center of each cavity BPM. A laser beam is used to image the iris on to a CCD camera downstream to detect the transverse misalignment. The estimated transverse accuracy of positioning the geometric centers of the BPMs is on the order of several micrometers over the distance of 25 meters. Since most FELs do not have variable vacuum chambers, it will be difficult to apply this technique to other accelerators. Furthermore, it is not clear how much error will be induced during the crucial step of fiducializing the BPM and electronics when the difference between the geometric and electric centers of the BPM is measured, and when the fiducialization drifts due to temperature variations during the field installation.
In this work, we propose to use an x-ray beam, with a wavelength of 0:02-2 nm, for on-axis alignment of pinhole apertures. We also propose to establish the x-ray beam axis coincident with the main electron-beam axis by performing in situ fiducialization, which transfers the x-ray beam position to the electron beam using devices that interact with both x-ray and electron beams, such as wire scanners or fluorescent screens. Since the diffraction effect is proportional to the square root of the wavelength, the alignment beam diameter can be kept small for x-ray photons, on the order of 1 mm over long distances ( > 200 m), and hence can be contained in an ordinary accelerator chamber. Another benefit is the vastly reduced scattering by gas molecules in the beam path since the scattering cross section is reduced by several orders of magnitude in the x-ray region. In order to reap these obvious benefits of using an x-ray beam for precision alignment, a proper procedure needs to be established.
In Sec. II, we start by describing a procedure utilizing a dedicated alignment undulator as an x-ray source and pinholes as alignment targets. We estimate the alignment accuracies using geometric and wave optics. In Sec. III, we discuss how to choose suitable x-ray optical components, from the source to the detector for an x-ray alignment system. We discuss offline and online fiducialization issues in Sec. IV, improvements and other related issues in Sec. V, and summarize the paper in Sec. VI. Most of our discussion will be based on the geometry and parameters of the LCLS, but it can be easily extended to other large-scale accelerator projects. We envision that this technology could be beneficial for the ILC project with its component alignment tolerances even more challenging than what is currently required for the XFEL projects. Figure 1 shows the schematics of the x-ray instrument. An alignment undulator is located 20 m or more upstream of the accelerator beam line to be positioned with a retractable x-ray pinhole (source pinhole) located midway between the two. The pinhole is used to define a fixed source point for the alignment. An x-ray imaging detector is located 10 m or more downstream of the main beam line. A second retractable x-ray pinhole (detector pinhole) is located immediately upstream of the detector, used to define the center of the detector plane. When both of the two x-ray pinholes are inserted they define a straight line, which will be referred to as the x-ray beam axis (XBA). In addition, every component to be aligned with the x-ray beam will need a retractable pinhole (target pinhole) as an alignment target.
II. X-RAY OPTICS ALIGNMENT PROCEDURE AND ACCURACY

A. Setup of the x-ray beam axis and primary coordinate system
The reference XBA is established by conventional survey method, using common survey tools to set up the source and detector pinholes, both at inserted positions, onto the design electron-beam axis at the best achievable accuracy [ Fig. 1(a) ]. Once the two pinholes are set, the conventional survey monument network becomes secondary. The primary coordinates are now uniquely defined by the following rules: The z axis or the XBA is the straight line linking the centers of the two pinholes, from the source to the detector. The Oyz plane is defined by the triangle formed by the center of the Earth and the two pinholes, with the y axis perpendicular to the z axis and pointing away from the center of the Earth. The x axis is defined by the right-hand rule, and is the only horizontal line perpendicular to the z axis.
B. Align the undulator source to the XBA and fiducialize the detector
By putting an x-ray beam through the detector pinhole, we can define the zero (x 0, y 0) of the detector to be the center of the observed x-ray peak. By iteratively adjusting the electron-beam position and slope in the alignment undulator to maximize the x-ray flux through the source pinhole and minimize the beam center deviation from the detector zero, we can bring the undulator x-ray beam centroid to coincide with the XBA [ Fig. 1(b) ].
C. Target alignment
To align a target pinhole to the XBA [ Fig. 1(c) ], we insert the source pinhole in the undulator x-ray beam to produce a fixed x-ray source, and insert the target pinhole in the beam. We then move the target pinhole with the attached beam line component to center the x-ray beam spot on the detector plane. While the size and transverse stability of the electron beam affects the intensity at the detector plane, the resolution and accuracy of the alignment is determined only by the stability of the optics due to the use of a pinhole as x-ray source.
D. Alignment accuracy and instrument resolution
We estimate the alignment accuracy of the target pinholes in three steps:
(i) Calculate the beam spot size and profile at the detector plane produced by a point source.
(ii) Calculate the beam spot size and profile at the detector plane produced by an extended source. (iii) Convert the measured beam size as the alignment accuracy of the pinhole using the optical geometry.
Pinhole camera resolution at the detector plane
X-ray pinholes have been used for measuring electronbeam sizes for some years. Their performance is best modeled by Fresnel diffraction [15] [16] [17] . Figure 2 shows a typical geometry of a pinhole camera, with a pinhole located at a distance S 1 from the source, and an x-ray imaging camera at a distance S 2 from the pinhole. The Fresnel number, defined as the number of Fresnel zones and given by F a 2 1 =f; is a key parameter in the model, where a 1 is the radius of the circular pinhole, is the wavelength of the light, and the distance f is given by
In this coordinate system, we label all transverse coordinates on the source plane with subscript 0, those coordinates on the pinhole plane with subscript 1, and those coordinates on the image plane with subscript 2, as shown in Fig. 2 . For large Fresnel numbers (F 1) the behavior of the optical system can be approximated by geometric optics. For a point source, the beam spot generated, also known as the point spread function (PSF), on the detector plane is a disc with a radius of a 2 M 1a 1 , where M S 2 =S 1 is the magnification of the optical system. The annular pattern Ir 2 can be used to derive the integrated x profile:
where r 2 x 2 2 y 2 2 q is the radial distance from the axis. The profile is a half-circle and can be fitted to a Gaussian function
with a Gaussian width of 2;geo 0:59a 2 0:59M 1a 1 . For small Fresnel numbers (F 1) the behavior of the optical system can be approximated by the Fraunhofer diffraction, and the PSF is given by the Airy disk, I I 0 J 1 ka 1 sin=ka 1 sin 2 , where the wave vector is given by k 2=. At a distance S 2 from the pinhole, the intensity distribution is Ir 2 I 0 fJ 1 ka 1 r 2 =S 2 =ka 1 r 2 =S 2 g 2 . Using the same procedure shown in Eqs. (1) and (2), one can derive the Gaussian width for the Fraunhofer diffraction 2;diff 1:31 -S 2 =a 1 . The more accurate Fresnel diffraction PSF can be calculated using the Huygens Principle,
Its Gaussian profile width can be derived similar to Eqs. (1) and (2) . Figure 3 shows the width of the Gaussian profile as a function of F. We can see that the Gaussian width approaches the geometric limit for F 1 and the Fraunhofer limit for F 1. The following expression can be used to approximate the Gaussian width of the Fresnel PSF profiles: In this regime, we can use the geometric projection for our semiquantitative discussion, with the comforting thought that Fresnel diffraction will only make the beam size smaller.
Beam profile size for an extended source
When we have an extended source with finite source sizes x0 and y0 , the beam spot on the detector plane is larger than that of a point source. In this case let us consider the extended source as a collection of point sources in a Gaussian distribution x 0 ;y 0 0 e
. For each point source located off axis by (x 0 ; y 0 ) its beam spot on the detector plane will be centered on x 2 ; y 2 Mx 0 ; My 0 , respectively. Summing the contributions of all point sources amounts to calculating the convolution of the Gaussian profile with the pinhole camera PSF profile. The total beam profile sizes at the detector plane are thus 2 q2 2 2;reso M 2 2 q0 ; with q x; y:
Alignment accuracy of the pinhole position
We now use the centroid of the beam spot at the detector plane as an indication of whether the pinhole is centered on the optical axis. The error of positioning the centroid of a Gaussian peak is normally a fraction of the peak width, i.e.
q2 , where varies between 0.03 and 0.2, depending on the quality of the photon measurements. Adding the fiducialization error 0:59a D from a detector pinhole of radius a D , the total uncertainty is 2 q2 0:59a D 2 q . For a pinhole displacement of x 1 , the center of the beam spot on the detector plane moves by
Hence the rms alignment accuracy at the pinhole location is given by
0:03 ÿ 0:2 and q x; y:
Next we introduce a few new variables, the total beam line length S S 1 S 2 , the relative target position s S 1 
where
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In the case of the LCLS undulator, for example, we use the following parameters [20] 
III. X-RAY OPTICS ISSUES
In this section, we will discuss how to choose specific pinhole materials, tailor the detector system response, and specify the undulator source for precision alignment.
A. Pinhole
The intensity of a monochromatic x-ray beam attenuates exponentially into a uniform medium [21] . The fraction of flux transmitted through a foil of thickness t is given by t e ÿ M M t , where M is the mass attenuation coefficient and M is the density of the metal. We note that a pinhole made with a semitransparent foil will have a peakto-background ratio of 1= t immediately downstream of the pinhole.
In the last section, we noted that if we are using the optimum aperture size, the x-ray beam spot on the detector plane is usually narrower than that of the geometric projection of the pinhole aperture, and the profile peak is higher than that of the geometric projection. Hence for estimating the signal-to-background ratios, we can safely use the approximation of the geometric projection, where the ratio is preserved downstream of the aperture. A simple rule of thumb can be given as t 1=r min S=B , where r min S=B is the minimum signal-to-background ratio the experiment needs. The above two expressions can be combined to give
where t min is the minimum thickness for the pinhole foil. Table I shows the minimum foil thickness for several desirable signal-to-background ratios. From the same table we can see that if we accept a background level of 10%, then a 0.5-mm-thick foil (Ta, W, or Au) would be sufficient for applications using photon energy up to 110 keV. Similarly, a 0.25-mm-thick foil would be sufficient for applications using photon energy up to 50 keV. These requirements can be further relaxed for polychromatic sources. For example, for an x-ray source with a nearly uniform spectrum in the region of 10 to 100 keV, a 0.25-mm-thick foil would likely be sufficient since most lowenergy photons will be blocked by the foil. Finally, we see from the example in the previous section that suitable pinholes for target and source apertures have diameters of 50 m or larger. Hence the pinhole aspect ratio is less than ten. The fabrication of these pinholes is well within today's technological capabilities.
B. Detector system
For x-ray alignment we can use imaging and nonimaging detectors. Imaging detectors use two-dimensional arrays to acquire a map of the photon flux. Since most types of pixilated x-ray detectors are susceptible to radiation damage at high flux, the popular approach is to use an xray scintillator (YAG, for example) to convert the x rays to visible light and then utilize optical lenses and cameras to acquire the image. The nonimaging detectors are commonly referred to as position-sensitive detectors (PSDs). While many designs exist, the majority of them operate on the principle of dividing the signal of the detector into several parts or quadrants, with their fractions of the signal dependent on the position of the beam centroid, such that the beam position is proportional to the ratio of the difference between the two opposing parts over their sum signal. The resolution of the PSD is often a small fraction of the beam size, usually on the order of 1 to several per cent. Unlike imaging detectors, a PSD cannot pick out a narrow peak from a wide background, and hence is more susceptible to background noise. A detector responding to only a narrow band of x-ray wavelength is often useful in improving the signal-tobackground ratio. Filters made of low-Z material (Be, C, Al, and Si) can be placed upstream of the detector to remove unwanted long wavelength photons and stray light. On the other hand, mirrors coated with high-Z metal can also be used to remove unwanted high-energy photons. As a rule of thumb, the cut-off photon energy can be written as ! c C=, where is the grazing incidence angle in mrad, and C is a material-dependent constant, several of which are listed in Table II . An alternative approach, though less effective, is to reduce the detector's response to highenergy photons by making the detector from thin low-Z material, near or below two absorption lengths at the working photon energy.
C. X-ray sources
X-ray alignment over long distances requires a highly brilliant source. Take, for example, the LCLS, where we chose a 70-m source pinhole and a 60-m target pinhole located at 100 m from the source. In order to obtain an image with 10 6 photons in 1 s, a source brilliance of 10 15 photons=mm 2 =mrad 2 is required. This brilliance is comparable to a modern bending magnet source with a 0:2 mA electron current, or an undulator source with a 20 nA average current.
For a linac-based facility with an average current of 10 -100 nA, the only practical x-ray source for alignment is an undulator. An undulator has a fundamental frequency
, where u is the magnetic period length of the undulator, is the Lorentz factor of the electron, and K is the undulator magnetic parameter. On the beam axis, the photons aggregate in regions near odd multiples of ! 1 [21] [22] [23] , and the on-axis photon spectrum is a narrow spike that can be expressed as a sinc function. For x-ray alignment applications, it is sufficient to consider the undulator source spectrum as a sum of delta functions:
The source pinhole transmission factor s 0 1 ÿ e ÿa 2 S =2 2 0 represents the shadowing effect of the source pinhole where only a fraction of x-ray photons are able to pass through to reach the target pinhole. In this case 0 represents the rms radius of the electron beam. Figure 5 shows the function f n K=n for the first five odd harmonics. We note that if we choose 0:5 K 0:8, the first harmonic flux is over 50% of its peak, the third harmonic is at (2 -9)% of the intensity of the first harmonic, and the fifth harmonic is at the (0.04 -0.9)% level. Furthermore, if we let the third harmonic photon energy fall above the absorption edge of the pinhole material, only the fifth and higher harmonics may penetrate the pinhole foil to produce background. Hence we will be able to use thinner foils (0.25 mm) to make pinholes. Table III summarizes our recommendation for an LCLS alignment undulator with a clean spectrum. 
D. Example: A dedicated LCLS alignment undulator
In this example, we consider the LCLS undulator with a dedicated alignment undulator upstream of the tune-up dump, which can be removed from the beam by way of opening its gap. Table IV shows the hardware parameters and expected performance data. Note that the electron energy and magnetic gap value are calculated to meet the requirements for K and ! 1 .
IV. FIDUCIALIZATION ISSUES
So far we have established a procedure to align x-ray pinholes to a long straight line at very high accuracy. The technique would not be very useful unless we can relate the pinholes to beam line components and their functioning center points, center lines, or center planes with equal accuracy. In this section, we will address fiducialization techniques using conventional laboratory instruments or offline fiducialization and methods using the electron or xray beam for in situ or online fiducialization.
A. Offline fiducialization
It is common practice that prior to the installation of accelerator components the relationship between the beam axis and outside reference markers be established in a fiducialization step. During the girder assembly process these markers are then used to create the proper relative position between individual elements without having direct access to a representation of the beam axes. In some cases, such as the insertion device vacuum chamber, an accessible reference surface is used for positioning, after quality control measurements have confirmed its accuracy and relation to the mechanical beam axes. Other components such as quadrupoles and undulators require an intermediate step to establish the magnetic axes that will be used as reference for determining the location of the fiducial markers. This step adds another level of uncertainty due to probe noise at low field values in determining the position accuracy of these components.
Well-known techniques are used to establish the magnetic axes of quadrupoles and undulators, while state-ofthe-art coordinate measurement systems provide the accuracy and positioning control in the assembly step. In order to realize tight position tolerances, many mechanical effects, especially repeatability issues of actuators, have to be taken into consideration. The online fiducialization techniques outlined below will provide a direct link between the XBA and the EBA, and circumvent some of these mechanical issues. 
B. Online fiducialization
As the bench fiducialization cannot provide sufficient accuracy for the most stringent applications, especially for magnetic components where the conditions on the bench, such as temperature, magnet orientation, stray magnetic fields, etc., may vary from those found on the beam line, we need to develop online positioning schemes to provide the required accuracy. Beam line components interacting with x-ray photons, such as wire scanners and fluorescent screens, can be directly positioned with the alignment xray beam (direct positioning). Other components interacting only with electrons, such as beam position monitors (BPMs) and optical transition radiation (OTR) screens, will have to be positioned with the electron beam as the transfer medium, after the position of the latter has been measured (indirect positioning). Since fluorescent screens interact with both electron and x-ray beams and are compatible with single-shot operation, they provide a convenient link between the two positioning classes. As a consequence, the transfer error of the screen will be inherited by all indirectly positioned components. Well-built, highly reproducible wire scanners can also be used to measure the electron-beam position relative to the XBA. While not compatible with single-shot measurement, their ability to detect the electron beam in a background of x rays using downstream bremsstrahlung radiation makes them uniquely suitable inside undulators and free-electron lasers. In the following, the online positioning process of a fluorescent screen, a wire position monitor, and electronbeam position monitors are described in more detail. The positioning accuracy of other components, such as quadrupoles and OTR screens can be similarly derived [24] .
Fiducialization of downstream fluorescent screens in proximity of target pinholes
For fluorescent screens with a highly reproducible drive mechanism or a reliable encoder, it is only necessary to find the location ''zero'' on the image plane where the XBA intercepts the screen. The following procedure, also shown in Fig. 6 outlines the steps to locate this point:
(i) Find an upstream target pinhole near the fluorescent screen and position it on the XBA using the target alignment procedure discussed in Sec. II C. (ii) Insert the fluorescent screen and record the image of the x-ray beam on the camera. The center of the beam spot can then be taken as the zero position for the screen. The fiducialization accuracy can be estimated to be 
where res;x is the resolution of the camera/optics for x-ray beam excitation, and FS;rep is the rms error related to the mechanical reproducibility of the screen insertion mechanism. The constant x depends on the quality of the measurement and generally is better for higher flux. If we are using the screen immediately after fiducialization for centering the e-beam at the same location without moving the insertion mechanism, the last term in Eq. (18) can be omitted.
Fiducialization of wire scanners in proximity of target pinholes
For wire scanners with a highly reproducible drive mechanism or a reliable encoder, it is only necessary to find the location zero where the wire element crosses the XBA. Figure 7 shows a procedure to locate this point.
(i) First find a target pinhole near the scanner and position it on the XBA using the target alignment procedure discussed in Sec. II C. (ii) Next the wire can be scanned across the x-ray beam.
The wire partially shadows the beam when passing through the small x-ray beam, producing a reduction in x-ray intensity seen by the x-ray detector at the end of the beam line. The point of maximum reduction can thus be taken as the zero position for the wire scanner. The fiducialization accuracy can be estimated to be 
where align is the alignment accuracy of the target 
where a 1 and R are the radii of the target pinhole and wire, respectively, and WS;rep is the rms error related to the mechanical reproducibility of the scanning mechanism. The constant WS depends on the quality of the measurement and generally is better for high-Z wires. For wires made of low-Z material, such as carbon, the above fiducialization technique is not very effective since the wire is nearly transparent to the x-ray beam. In that case an alternative is to attach a high-Z x-ray wire or an x-ray pinhole directly to the wire scanner as a fiducialization marker, and precisely measure the distance between the wire and marker prior to installation of the scanner. Hence when the fiducialization marker is aligned to the XBA, the wire is at a known position. Unlike the fluorescent screens, this fiducialization procedure is usable for wire scanners both upstream and downstream of the target pinhole.
Fiducialization of electron-beam position monitors (BPMs, indirect)
A high-resolution electron BPM usually has good linearity within its dynamic range, but its electric center may not coincide with its mechanical center, or with the XBA. The following fiducialization procedure directly determines the offset difference between the electric center and the XBA, thus bypassing the need to know the mechanical center of the BPM. We will fiducialize the BPMs in two stages: In the first stage, we only fiducialize BPMs with a pinhole-fluorescent screen combination immediately downstream of them, using the fluorescent screen as 
FIG. 7. (Color)
The upstream wire scanner demonstrates its fiducialization near a target pinhole using x rays by scanning the wire across the x-ray beam after aligning the x-ray pinhole. The downstream wire scanner demonstrates that either an integral high-Z x-ray wire or an x-ray pinhole with known distance from the low-Z electron-beam wire can be used as x-ray beam fiducialization markers.
the electron-beam position monitor. In the second stage, we will create field-free regions between fiducialized BPMs and use them to determine the electron-beam position and offsets of other BPMs in the region.
Fiducializing BPMs near a fluorescent screen. -We measure the offsets of BPMs located immediately upstream of a pinhole-fluorescent screen combination in three steps:
(i) Align the x-ray pinhole (Sec. II C).
(ii) Fiducialize the fluorescent screen downstream of the BPM using the x-ray beam (Sec. IV B 1 and Fig. 8(a) ).
(iii) Remove all pinholes, open the undulator gap, let the electron beam down the beam line, and position the electron beam's charge center on the fiducialized center of the fluorescent screen [ Fig. 8(b) ]. The reading on the BPM is the offset. The fiducialization accuracy can be estimated to be Similarly the term x 0:35a 2 1 2 res;x q represents the accuracy for determination of the x-ray beam center from the screen image. In this case we have omitted the mechanical insertion error since we do not move the screen between x-ray fiducialization and the electron-beam measurement.
Fiducializing BPMs far away from fluorescent screens.-Strictly speaking, the x-ray alignment technique cannot be used to fiducialize BPMs far away from fluorescence screens or wire scanners. We propose to use a variation of the ballistic alignment technique [25] to fiducialized electron BPMs. In this case we first turn off all magnets in a section of the accelerator containing several already fiducialized BPMs.
(i) In the lowest order approximation, when the section is shielded by soft steel from ambient fields, including the Earth's magnetic field, we may take the electron trajectory as a straight line. Only two already calibrated BPMs are needed to determine the electron trajectory. The offsets of other BPMs in the field-free regions can be determined using ballistic alignment. (ii) In the first order approximation, the Earth's field and ambient fields are taken to be uniform; three fiducialized BPMs are needed to calculate the curved trajectory in the region. The offset of other BPMs in the region can be determined using the calculated trajectory. (iii) In the next higher order approximation, the Earth's field and ambient field are assumed to have a linear slope; four fiducialized BPMs can be used to calculate the curved trajectory in the region. The approximation can be improved as more and more fiducialized BPMs are used. In reality, however, the accelerator and the tunnel contain many lumped magnetic components that make the above approaches poor approximations. In this case the fiducialization of these BPMs is likely to be less accurate, depending on the site conditions. As we pointed out earlier, an improvement in this area will only come from better electron-beam technology and additional magnetic shielding.
Alignment of magnetic components
In most accelerator designs, a BPM is normally positioned near a quadrupole magnet. Since we have determined the electron-beam position when it coincides with the XBA at the BPM, we can hold that position of the electron beam and move the nearby quadrupole magnet to search for its center. The magnet center deviation from the XBA can be detected with one of the approaches used for the electron-beam-based alignment (EBBA) process [11, 12] :
(i) Scan the strength of the magnet and watch for downstream trajectory changes. (ii) Vary the energy of the electron beam and watch for downstream trajectory changes. (iii) Mechanically scan the magnet and watch for a zero-deflection in downstream trajectory changes. Other FEL components such as planar undulators are periodic magnetic dipole structures that require precision alignment especially in the vertical direction. In the plane bisecting the undulator gap, the periodic magnetic field has minimum amplitude. The amplitude then increases quadratically with the distance from the center plane. This increase in magnetic field induces a spectrum shift in the spontaneous radiation. By moving the electron trajectory relative to the undulator, a spatial positioning resolution on the order of 10 m can be obtained using appropriate x-ray optics, especially when differential measurements are performed against a standard undulator [26] . Table V summarizes the estimated alignment errors for the LCLS undulator components. Additional error estimates for OTR and quadrupole positioning are also provided. Reference [24] gives further details.
V. FURTHER DISCUSSIONS
In this section, we will discuss several practical issues related to the application of x-ray beam alignment and further enhancements of this technique.
A. Relation with electron-beam-based alignment
Let us consider a magnetic lattice consisting of only quadrupole magnets. When all centers of the magnets are aligned on a straight line and the electron beam travels along the line, the electron trajectory is independent of beam momentum or magnetic field strength. Otherwise, when scanning the electron energy or the strengths of the magnet fields, the trajectory will change, giving telltale signs of the misalignment and clues for correction. By correctly interpreting the trajectory changes during energy scans or field scans, the electron-beam -based alignment technique has matured in the past decade, and can attain micron-level accuracy under ideal conditions [11, 12] . However, the EBBA technique is sensitive to the perturbation of a dipole field. Even the Earth's field may adversely affect the outcome. Other engineering limitations may also come into play. For example, a slight asymmetry of a magnet's core may generate an unintentional dipole field within and move the magnetic center during magnet field scans. Similarly, an asymmetry in the rf accelerating structure may generate energy-dependent transverse deflections of the beam during energy scans. Finally, since no fixed monument is used to define the EBA, it is not predetermined to what line the final convergence will lead.
The x-ray beam-based alignment (XBBA) can enhance the EBBA in two aspects:
(i) Using the fiducialization/alignment technique described in the previous section, all magnetic quadrupoles and undulators can be positioned within several micrometers from the XBA, providing the EBBA with an excellent starting configuration. (ii) By forcing the EBA to coincide with the XBA, we obtain a high reproducibility inherently lacking in the EBBA. This can be achieved in several ways: (1) Start from a configuration near the XBA and impose appropriate constraints during the entire EBBA process to prevent the EBA from wandering too far from the XBA. (2) Beam position measurements using fluorescent screens along the accelerator can be used to quantify differences between the two axes after EBBA convergence. If a systematic de- viation is found, the entire beam line can be rotated to force the EBA to coincide with the XBA. When this is accomplished, the user experiments can enjoy reproducible beam position and direction from one run to the next. When the undulators' first field integrals are too high, the EBBA in the undulator hall will not be able to converge to a straight line. The XBA may be used as a quality control tool to monitor the final EBA to prevent this from happening. In the rare case when the EBBA does not converge, the XBA provides a fallback position.
B. Extension of XBA to the user area
From Sec. II, we can see that the rms alignment error increases as the square root of the distance between the source and detector pinholes. Hence the main beam line should be kept as short as possible, containing only those components requiring critical alignment plus an adequate working distance upstream and downstream of the main undulator section. In order to align the x-ray transport line and the user beam line components, we need to extend the alignment monuments for the XBA beyond the detector pinhole. The following procedure may be used for this purpose ( Fig. 9): (i) Set up the alignment undulator (Sec. II). Insert the source and detector pinholes and remove the imaging detector behind it. (ii) Set up an imaging detector/PSD at the end of the xray transport line and user experiment, and record the center of the x-ray beam spot. (iii) Install an x-ray pinhole just upstream of the detector. Insert it in the beam and move it until the centroid of the beam spot coincides with the recorded center in the last step. The XBA is now extended up to the last x-ray pinhole in the transport line. Other pinholes and monuments can be aligned using the procedure described in Sec. II, with the last pinhole serving as the new detector pinhole. Note that the monuments established with this procedure have slightly poorer accuracy than the pinholes inside the accelerator. In most cases however, it is not a major problem since the transport line and user beam line usually require less stringent alignment in the machine coordinate system. We note that the extension of the XBA into the x-ray beam line is especially important for x-ray diagnostics of the undulator and the FEL, since the x-ray alignment sets up an absolute angle reference for the undulator radiation pattern, enabling diagnostics of the electron trajectory within the magnetic structure of the undulator.
C. Enhancement of positioning accuracy and photon efficiency with zone plate targets
From Sec. II, we note that the optimum target pinhole size increases as the square root of the beam line length S and x-ray wavelength . It follows that the area of the pinhole increases linearly with the beam line length, and its acceptance solid angle for x-ray photons remains unchanged. Hence the photon statistic is independent of the beam line length. However, the enlargement of the target pinhole in longer accelerators or lower-energy machines, resulting in longer x-ray wavelength, does increase the alignment error.
In these cases, one may consider using Fresnel zone plates to improve the positioning accuracy. The x-ray beam spot size at the detector plane can be calculated using standard Fresnel diffraction formulas [26, 27] . The result is shown in Fig. 10 . A phase zone plate with even a handful of zones ( 4) can improve the resolution over the optimal pinhole by a factor of 3 or more. At high Fresnel numbers, the Gaussian peak width of the diffraction profile at the focal plane 2;reso is given by
Hence the resolution improvement is proportional to the square root of the number of the Fresnel zones. X-ray zone plates can also be used to improve the photon collection efficiency since the area of the zone plates, and hence the photon counts, are proportional to the number of zones. This is especially useful for a long accelerator such as the ILC.
D. Planning and designing the XBA monuments
The source and detector pinholes are the master alignment monuments when inserted in the x-ray beam line. They define the positions of the entire XBA, EBA, and hence all accelerator components between the two monuments. Their positions need to be carefully chosen, their supports need to be carefully designed, and their insertion mechanisms need to be accurately engineered allowing greatest reproducibility and longest uninterrupted service.
In the coordinate system defined by these two monuments, the position of the ith accelerator component can be written as (x i ; y i ; z i ), i 1; . . . ; M. A straight-line average beam axis can be established by fitting the positions of the accelerator components
where X S and X D are fitting parameters. They are determined by the equations P M i1 x i 0 and P M i1 x i z i 0, where x i x i ÿ X i is the component offset from the fitted line. The distance between the source pinhole and the average beam axis is given by X S ÿX S and that of the detector pinhole by X D ÿX D . By convention, the deviation from the average beam axis x i can be taken as the alignment error of the component. Its rms value follows the ''ATL law,'' showing that the ground motion is diffusionlike [28] hx 2 i A t S (25) with the coefficient A in the range of 1 100 m 2 per day per 100 m, depending on local geological conditions, t representing the time interval between measurements, and S the distance between observation points. Averaging the expression, x 2 i x i X i 2 , we obtain
where we have used Eq. (24) to estimate hX 2 i. This expression confirms our intuition that the position accuracy of the pinhole monuments carries more weight than any alignment target. Therefore, several issues need to be carefully considered to position these monuments.
(i) Reproducible insertion mechanism: From Eq. (26), we can see that the uncertainty of the monument positions can easily contribute half of the rms error, and a large rms alignment error can be created instantly by just exercising a poorly designed insertion mechanism. Fortunately, much progress has been made in the past decades in the field of precision machining technology with micron and submicron reproducibility [29] . Applying kinematic mounting technology, the semiconductor industry developed submicron wafer positioning systems in a clean room. Therefore, insertion mechanisms with several microns reproducibility should be within reach for a temperature-controlled accelerator tunnel. (ii) Stable support stand: Strong support stands are required so that the amplitude of the vibrationinduced monument motion is well within the alignment tolerance. In addition to these technical considerations, a number of design issues depend strongly on the operational philosophy of the accelerator:
(i) Should the positions of the alignment monuments be adjustable, or even remotely adjustable? (ii) For thermal stability of the design monument, should one use low-thermal expansion materials such as INVAR, or attempt to tightly control the support temperature using well-regulated coolant flowing through the stand? On the other hand, one has to ask if it would be advantageous to make the support from the same material as other accelerator components, such as support girders, and allow the monuments to drift up and down with the accelerator. (iii) For the installation site, one has to evaluate if these monuments should be anchored to the bedrock, or if they should float with the tunnel floor that supports all the other accelerator components. The answers to these questions depend largely on the manner of applying corrections after component position errors are measured. Will one move the components to a fixed XBA, or will one move the XBA to the average line first before moving other accelerator components? In an XFEL user facility where a stable output beam position is required, a fixed XBA is highly desirable. According to Eq. (26), the rms error and the needed component position correction in this operating mode will be about twice as large as using the floating average beam axis.
E. Challenges in mechanical design
In order to implement the technique proposed in this work and to obtain micron accuracy, we are facing significant challenges in mechanical engineering:
(i) In order to transfer the accurate position information from the pinholes to the attached component(s), the target insertion mechanism needs to have comparably high reproducibility. State-ofthe-art kinematic mounts with submicron accuracy at high load ( > 100 N) need to be employed [29] . In addition, the repeatability of the retractable pinholes is a major source of error for transferring the position information to an outside fiducial. When such fiducials are needed, ultrahigh-precision machining and motion systems will be required. (ii) To use fiducialized screens and wire scanners as beam position monitors, not only should their motion resolution be finer than the required accuracy, but their motion reproducibility should also be comparable. Nanopositioning systems are now commercially available and should be utilized. (iii) To maintain micrometer positioning accuracy for accelerator components, the support and mover system of the component(s) needs to be stable, and loads need to be carefully distributed. For example, it is highly desirable to separate supports of quadrupole magnets and BPMs, which have very high stability requirements, from those of heavy undulators, which have less stringent stability requirements and need to be rolled in and out at the LCLS or opened and closed in other facilities.
F. Real-time component position monitor
Even when the mechanical design meets all the challenges, environmental changes may still be beyond human control. A temperature change of 1 C can easily move the target on a 1-m-high support stand by 10 m or more. The temperature variation of the floor, the wall, and the support stand will easily move accelerator components on a micrometer scale. Even if we have the enclosure temperature under rigorous control, the daily tidal motion of the Earth's surface will move the ground up and down by up to 30 cm in a 12-hour period, resulting in some twisting and bending of the floor. While the magnitude of the twisting and bending depends on local geological conditions, a reproducible alignment literally depends on the phase of the moon. In addition to these periodic movements, the Earth's inelastic crust releases its internal stress by a natural diffuse settlement process. There are many sources of the stress that range from local temperature effects to large-scale continental motions. Therefore, any well-aligned configuration will drift out of alignment slowly, as described by the ''ATL law. '' In accelerators where component movements are not acceptable after applying all available passive mitigation approaches, a regular observe-and-correct procedure must be implemented. The target pinholes attached to critical components can be inserted and their positions measured at regular time intervals. In the case of LCLS, a period of several hours or days may suffice. Over time this approach will provide valuable information about long-term ground settlement.
In case higher frequency observations and corrections are required, a real-time position monitoring and feedback system must be considered. Figure 11 shows a possible implementation using an off-axis x-ray alignment beam line. The electron beam is steered through a chicane or a two-stage trajectory offset before entering the main undulator hall. The offset of the two beams are adjustable from zero to a maximum of several millimeters. Each critical component will have two independently retractable pinhole targets, one on axis and the other off axis, in the monitor beam line. The monitor beam line is parallel to the EBA and has its own independently operated source and detector pinholes, as well as its own detector system.
During the on-axis alignment procedure [ Fig. 11(a) ], the trajectory offset is set to zero and the on-axis target is used to position the critical component(s) as described in the previous sections. After the alignment is completed, we set the offset electron trajectory to be collinear with the monitor beam line [ Fig. 11(b) ]. The same undulator now produces x-ray beam along the parallel monitor beam axis, which can be used to fiducialize the off-axis monitor pinhole target without moving the component. From now on, any change in the position of the off-axis target pinhole will shift the pinhole camera image on the detector, providing real-time information on the component position change at a resolution of micrometers. The information will allow position adjustments to be made while the accelerator is running. Since only one target is inserted at any given time, the wakefield effect of the target may be negligible. However, in order to use such a monitorfeedback system for position control of an x-ray FEL, a larger separation of the two beam lines, even separate beam pipes, may be required to avoid contamination of the position monitor signal by the FEL beam.
X-ray Fresnel lenses are ideally suited for real-time component position monitoring in long accelerators. Their small x-ray spots allow micron-level resolution in component position. Their high acceptance angles make good use of the x-ray flux and allows faster measurement. Finally, since the monitoring beam line measures only relative changes of a component position, the difficulty associated with fiducializing large zone plates becomes unimportant for the application.
VI. SUMMARY AND CONCLUSION
We proposed a new alignment technique using an undulator x-ray beam produced by high-energy electrons. The proposal contains two major technical components: First, two solidly built x-ray pinholes, source and detector, are used to define a highly stable and reproducible x-ray beam axis (XBA). Second, the XBA is chosen to be collinear with the electron-beam axis in order to minimize the transfer errors to accelerator components and maximize the coincidence between x-ray beam and e-beam.
We showed that a measurement accuracy of 1-3 m can be achieved for target pinholes in the 200-m-long LCLS undulator hall. The accuracy can be further enhanced with x-ray zone plates, if necessary. We described procedures to transfer this position information in situ to quadrupoles, diagnostic components, undulators, and user beam lines, at an overall accuracy of better than 10 m in the case of the LCLS undulator. This x-ray alignment technique also enhances the electron-beam-based alignment (EBBA) process in three aspects: First, it provides a good starting configuration for the EBBA. Second, it provides fixed anchors for the electron-beam axis (EBA) for reproducible trajectories from run to run. Last but not least, it facilitates the extension of the coordinate axes into the user area at high accuracy, enabling far-field x-ray diagnostics to perform angular distribution measurements with absolute angle reference.
Finally, we addressed the possibility to utilize this technique for a real-time position monitor system of critical beam components of an FEL or a long accelerator. It will enable active position control to micrometer levels.
Although we used the LCLS parameters for this paper, other FELs currently in the design stage could benefit by integrating such a system from the beginning. The proposed alignment system promises superior alignment accuracy over long distances and may therefore be a viable approach for aligning beam components of the International Linear Collider (ILC) currently under consideration.
